Cretaceous and Jurassic sediments 435 m thick were drilled at Site 511, in the basin province of the Falkland Plateau, during DSDP Leg 71.
INTRODUCTION
The study geochemically characterizes the organic matter present in the Cretaceous and Jurassic sediments penetrated during Leg 71 at DSDP Site 511 (Fig. 1) .
Pyrolysis assay and carbon analysis were conducted first on 197 samples. Then hydrocarbon extraction and a humic extraction were undertaken for 22 samples and 9 kerogen concentrates were prepared and examined.
Two sets of samples were obtained: (1) during or after the Leg 71 cruise, 173 samples of only a few grams each were collected from sediments ranging from 388 to 629 meters in depth; (2) 24 larger samples representing sediments ranging from 210 to 627 meters in depth, were issued by the Organic Geochemistry Panel.
The sampling was representative of the Cretaceous and Jurassic Lithologic Units 3-6. Unit 3 consists of calcareous ooze and zeolitic calcareous ooze and Unit 4 of gray zeolitic clays, zeolitic claystones, and clay stones; both are of Senonian age. Unit 5 consists of variegated claystones, nannofossil claystones, and chalks, mainly of Albian age. Unit 6, ranging in age from early Albian to Late Jurassic, consists of nannofossil mudstones and black mudstones and shales.
ANALYTICAL METHODS
The analytical procedures are outlined in Figure 2 . Organic carbon contents were determined for acid-treated samples with a LECO apparatus. A pyrolysis assay of raw samples was conducted using RockEval techniques (Espitalié et al., 1977) . Selected samples were extracted with chloroform and the hydrocarbons were analyzed by gas chromatography and mass spectrometry. The humic fraction was then isolated and its carbon content analyzed with a Carmograph Wosthof f apparatus before the kerogen was prepared (Hue et al., 1978) . Elemental analysis was performed on the kerogen concentrate.
ssr -wi used as references for the characterization of organic matter in ancient sediments. The experimental temperature observed at the top of the pyrolysis peak (Table 1) during this analysis is indicative of the maturity of the organic matter. The temperature corresponding to the immature zone for oil generation is in the range 400-435 °C, the main oil or mature zone ranges from 435 to 460°C, and the cracking or gas zone is above 460°C.
Samples from Site 511 can be assigned to the immature zone, as maximum temperatures were below 425 °C even for the deeper samples. Some higher temperatures observed in Cores 57 and 58 are due to reworked, more mature material. A progressive increase of temperature ranges is observed along the sequence (Fig. 4) When the diagram of the hydrogen index (HI) versus the oxygen index (OI) is examined (Fig. 3A-D) , the bulk of the samples is clustered along the kerogen Type I and II reference paths. It corresponds to immature organic matter with a marine origin. As higher maturation cannot be invoked to explain the relatively low HI for the deepest Cores 69 and 70 (Fig. 3D ), some dilution with nonmarine organic matter should be considered. All these marine materials reveal medium to high organic carbon contents. Few data points (Cores 37, 56, 58) are below the Type III reference path (Fig. 3A) . Their OI range (100-180) corresponds to immature material with a continental origin, and the low HI (54 and less) implies some alteration of this organic matter. Some other points are far off the reference paths. They correspond to poor organic carbon contents. These samples probably consist of "undifferentiated" or residual material (Tissot et al., 1979) . A last group of points clusters between paths II and III (Fig. 3B) ; their OI increases from 50 to 200 as their HI decreases from 400 to 100. Two explanations can be proposed for the trend, which represents either a Type II organic matter mixed with residual material, the latter tending to decrease the HI and to increase the OI, or a Type II material enriched with oxygenated compounds (OI) at the expense of the hydrogenated (HI) ones. The second explanation is supported by the kerogen data, as will be shown later.
Humic Compounds (Table 2)
Poor yields of humic compounds were found for most of the 21 samples selected for humic fractionation; they are below 50 ppm in content, which can be considered as the lower limit of significance. Low contents of total organic carbon explain the major part of these insignificant data. The other low yields are observed for the black mudstone facies, which are rich in organic matter. Even for the relatively higher content of humic carbon versus total carbon (8-12 wt.%) found for three samples of Unit 4, the humic fraction is subordinate so that it can be considered that the kerogen fraction next examined is the most representative fraction of the total organic matter.
Kerogen Fraction (Table 3) Nine of the previously selected samples were prepared. Elemental analysis of the kerogen concentrate reveals a large content of pyrite (24-45 wt.%), except for Sample 511-56-4, 4 cm, which is representative of the black shale facies at the bottom of Unit 5, where black shales are interlain with muddy chalk and zeolitic claystones. The data are plotted on a Van Krevelen diagram (Fig. 5) and are comparable to the three reference evolution paths for Types I, II, and III kerogens of ancient sediments (Tissot et al., 1974 ). An immature stage can be assigned to the samples of Cores 59-68, as their data are located mostly near the beginning of the evolution paths. Two groups of data can be considered, on either side of the vitrinite domain depending on their H/C ratio. The first one is composed of points with low H/C ratios (0.73 and less), near the limit of existence for kerogens and below that of vitrinite. Such material consists of degraded kerogen and is considered to be residual detritus (Tissot et al., 1979) . It is representative of the low amounts of organic material (0.3-0.8% C org ) in Unit 4 and in Cores 56-58 of Units 5 and 6. The second group of kerogens shows higher H/C ratios (1.08 and more) and lies between the Type II and III evolution paths. All the related samples belong to black material, rich in organic matter, with 5.3 to 6.3% organic carbon in the total rock. A predominantly aquatic origin (Type II) can be inferred for the kerogens of Cores 60 and 66 with the richest H/C ratios (kerogen Bl; Tissot et al., 1979) . When only the H/C ratio decreases (for example, Sample 511-68-2, 130-140 cm), we can deduce that organic material, either terrestrial (Type III; kerogen B2; Tissot et al., 1979) or residual, made a larger contribution. The only enrichment of the O/C ratio, found for Sample 59-3, 79-82 cm when compared to Sample 511-59-3, 83-95 cm, implies another mechanism. A larger O/C ratio was obtained for weathered samples compared to relatively well preserved samples; the weathering enriches the organic matter with oxygenated compounds at the expense of the hydrogenated ones. This was also observed (Table 4) in the lower Toarcian of the Paris Basin for several samples from the same geological horizon, collected from outcrop to subsurface. The variation is obvious both for pyrolysis data on rock and for elemental analysis on related kerogen; it defines a so-called "alteration" path quite distinct from the evolution paths. That alteration trend, which is due to oxidation mechanisms, can be applied to the kerogen of Sample 511-59-3, 79-82 cm, compared to the other kerogens of Core 59 (Fig. 5) .
Note: Blanks indicate nonsignificant data. * After HCCI3 extraction. Humic compounds concentration of the analyzed solution. Fig. 6) All the samples selected yielded low amounts of extract (less than 50 mg) and low extract/organic carbon ratios (less than 0.02). Some of the extracts were too lean to be fractionated, so that extracts of two samples had to be combined.
Thin layer chromatography fractionation reveals a large fraction (61-11%) of NSO compounds, and an aromatic (12-19%) and a saturated + unsaturated fraction (11-14%). The gas chromatography (GC) of the saturated fraction generally reveals a predominance of evencarbon-numbered molecules along the n-C l5 -n-C 19 range (Fig. 6A) and an equal contribution of pristane and of phytane (Fig. 6A-B) . Both characteristics are encountered in organic matter of marine origin, and the even predominance could be characteristic of reducing microenvironments (Welte and Ebhardt, 1968) . A predominance of odd-carbon-numbered molecules is observed in the n-C 2 3-n-C 3 •i range. This would be indicative of an immature material derived from higher plants. In the same carbon-number range, cyclic molecules of the sterane and triterpane series should be present, as indicated by more detailed analyses (GC/MS) of other Cretaceous oceanic materials (Roucaché et al., 1979) . Such compounds are more likely to be derived from marine material (Fig. 6B ). An unsaturated fraction is also present. GC analysis reveals compounds that are localized in the carbon-number range equivalent to n-C 15 -n-C 19 and «-C 2 5-rt-C 3 o (Fig. 6C-D) but does not permit the identification of significant molecules.
VERTICAL DISTRIBUTION OF ORGANIC MATTER
Typical marine organic matter characterized the main part of Unit 6 from Samples 511-58-4, 105 cm to 511-70-5, 54 cm (Fig. 3B-D) , and the main range of the corresponding organic carbon in the total rock was 2-6 wt.%. The lowest pyrolysis oxygen indexes (35 and less) Carbon Atom Number Figure 6 . Extracts: gas chromatography of saturated and unsaturated hydrocarbons. GC analysis did not permit the identification of significant molecules of unsaturated hydrocarbons.
are observed (Fig. 3D) for the bottom 23 meters in Cores 68-70, when the fissile black material changes to a much softer one (Hole 511 site chapter, this volume). The major change for sedimentation between the muddy nannofossil chalks of Unit 5 and the black mudstones of Unit 6 is also observed for the organic matter. Upon the basis of pyrolysis data, the change characterizes a transitional zone (Fig. 7) . The underlying material, which is rich in organic matter, is replaced by undifferentiated or residual detritus, where the organic carbon content is very minor and the hydrogen indexes low to null. Material from oxidizing environments characterizes a transitional zone from Sample 511-58-4, 87 cm to Sample 511-56-4, 4 cm. Reducing environmental conditions also recur in the middle part of this zone (511-57-6, 6 cm to 511-57-2, 95 cm), where a more or less altered marine organic matter is interlain with residual detritus. Some reducing conditions temporarily reappear among oxidizing ones in the upper part of the zone and preserve the terrigenous component of the organic material, that is, the detritus. Such a detrital material is found from 511-57-2, 35 cm to 511-56-4, 4 cm and defines the finely laminated black shales, interlain at the bottom of Core 56 with muddy nannochalks and black zeolitic clays. Residual organic matter characterizes the latter two facies. Above the transitional zone, an oxidizing environment prevails from Sample 511-56-3, of Unit 5 throughout Unit 4. This major change corresponds to samples with a very low content of organic matter that are devoid of hydrocarbons upon pyrolysis and are designated here as "inert" residual organic matter (Fig. 7) . In summary, the vertical distribution of organic matter along the Upper Jurassic-Cretaceous sequence of Site 511 reveals a transitional zone about 20 meters thick at the top of the black shales and mudstones of Unit 6 and at the bottom of the muddy nannofossil chalks of the adjacent Unit 5. Residual organic matter indicative of oxidizing conditions occurs throughout this transitional zone and prevails along the overlying layers of Units 4 and 5. Black shale facies in the middle part of the transitional zone reveal marine organic matter, implying the reducing environment that was found for the main part of Unit 6, and detrital, nonmarine organic matter deposited in a less reducing environment characterizes the same black facies at the bottom of Unit 5.
GEOCHEMICAL RELATIONSHIP OF SITE 511 WITH SITES 327 AND 330
The organic matter zonation during the Late Jurassic-Cretaceous for Site 511 may be compared with that of the adjacent Sites 327 and 330 (Table 6) .
In Hole 327A, 45 samples had been studied from Cores 10 to 27 , dating from the late Maestrichtian and Aptian to Neocomian(?); from Hole 330, 71 samples were taken in Cores 1-16, between early-middle Albian and Oxfordian-Middle Jurassic(?).
The three sites, located very close to each other ( Fig.  1) , show identical fluctuations of the sedimentological environment between the Albian and Upper Jurassic, especially for the transitional zone between the reducing and oxidizing environments (Table 6 ). This transitional zone is well defined at Site 511 from Samples 511-58-4, 89 cm to 511-56-4, 4 cm and is present in Hole 327A, Cores 22 and 23. Furthermore, some dilution of the marine organic matter by detrital material appears at the bottom of Unit 6 in Hole 511. The same change is observed in Hole 330, from Section 330-8-4 to Core 10.
When considered as a whole, these relationships for the three sites allow us to define the paleographical outlines of the eastern Falkland Plateau: 1) During Middle Jurassic time, detrital sediments (sandstone, siltstone) and detrital organic matter issuing from the American and possibly African continents were deposited (bottom sediments of Hole 330).
2) The widespread Callovian-Oxfordian transgression allowed the formation of the young South Atlantic Basin. Existence of barriers prevented water exchange but induced a water stratification, which in turn resulted in anoxic environments and consequently good preservation of the marine organic matter. Such conditions prevailed until the early Albian.
3) At that time, the barriers broke, owing to the drifting phase. The opening allowed progressively more oxygenated waters to invade the South Atlantic Basin, converting the reducing to an oxidizing environment. The transitional zone which separates the two characteristic environments extends over some 20 meters and represents a period of several million years. Various types of organic matter-unaltered and altered marine residual, and detrital-coexist in this transitional zone depending on the level sampled. 4) During the period following the Aptian, oxidizing environments and residual organic matter prevailed. This is indicative of a deep alteration in the nature of the organic matter from both marine and detrital sources. Thus definite submersion of the barriers by oxygenated currents and a complete oceanization of the southern part of the South Atlantic can be inferred.
The previous study in the South Atlantic Basin (Herbin and showed that the same environments existed after the early Aptian at Site 361 (Leg 40). In this case, the transitional zone between the reducing and oxidizing environments was located between Cores 27 and 28, Hole 361.
In order to make a more accurate paleogeographic sketch, particularly during the breakup of the eastern Falkland Plateau, it would be necessary to study in great detail the cores from the transitional zone which separates the reducing and oxidizing environments (equivalent to Cores 56 to 59 in Hole 511) for Sites 327 and 330.
CONCLUSION
Organic matter present in the Upper Jurassic-Cretaceous sediments of Site 511 belongs to two main types: (1) material of marine origin, rich in organic matter, which implies reducing depositional environments; (2) a very lean residual material low in organic matter and related to oxidizing environmental conditions. Pyrolysis and kerogen analyses clearly defined these two types of material, and hydrocarbon analyses confirmed the reducing conditions for the marine one. An immature stage of evolution can be assigned to all the samples studied.
The vertical distribution of the various types of organic matter, based on numerous samplings, reveals a transitional zone where the black mudstones of Unit 6 pass to the zeolitic clays and claystones of Unit 5. This transitional zone was also defined from the adjacent Hole 327 A and should be present in Hole 330. Thus, a geographical outline can be proposed for Mesozoic times in the eastern Falkland area, based on the distribution of the various types of organic matter at the three DSDP sites.
